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Estimation of Average Ejection Velocity Generated by Rib Burst
under Compression Load
Abstract
The ejection velocity associated with coal burst is an important parameter for support and protection
structure design against coal ejection as the support or protection design rationale is to dissipate or
absorb the kinetic energy carried by ejected coal. This paper provide a novel method to estimate the
average particle ejection velocity of rib burst based on the energy dissipation and coal fragmentation of
coal brittle failure. This research shows that the scale of kinetic energy released by coal burst in
underground roadways can reach over 107 J high, which can offer ejected coal with an over 26 m/s
initial velocity and cause serious even fatal injury to miners without sufficient protection.
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1. Introduction
Coal burst is always accompanied by a sudden release of accumulated elastic energy, micro
seismic events and ejection of a large amount of coal into the the roadway or longwall face, which can
lead to personnel causalities, equipment damage and even significant economic losses. Rib burst of
roadways accounted for a large number of total coal burst accidents occurred in underground coalmines.
In Colorado of the U.S., nearly half of the bursts occurred during roadway development or in the
roadways 1. The statistical data shows that 87% of coal burst accidents in China occurred in roadways
2

. The blocks of ejected coal from rib can carry a large amount of kinetic energy because they have mass

and velocity 3. The velocity of ejected rock is an important parameter for the evaluation of burst
reliability, design of roadways support and selection of protection measures (special protection structure
around working space or personal protection equipment) 4.
Many researchers have reported using laboratory observations of particle ejection under triaxial
or uniaxial compression load to understand the fragmentation behaviour in post-failure process of coal
samples and to assess the burst properties of coal in on-site underground mining engineering 5-7. Because
the ejection process is very transient, the coal particles is highly pulverized and the ejection velocity of
particles is high during post-failure of coal, the ejection and travel of all particles is difficult to be
observed and filmed by laboratory observations.
In this paper, we present a novel method for ejection velocity estimation based on energy and
fragmentation analysis. A new fragment energy calculation function is proposed based on Rittingers’s
theory and fractal model, which provides a novel mathematical model for the quantitative study of
energy dissipation process of coal/rock fragmentation. Based on the energy analysis and fragmentation
study, we present a method to estimate the average ejection velocity of coal ejections. Laboratory test
is designed to verify the feasibility of this method for the estimation of ejection velocity of coal samples
with high burst propensity. Also discussed in this paper is a case study to demonstrate the feasibility of
this method for the ejection velocity estimation of rib burst in underground roadways. The method
introduced in this paper could further advance our skill in reliably estimating rib burst scale and enable
better understanding brittle failure of coal, which can help mining industry to understand the energy
scale of coal burst hazards and hence to improve the underground mining safety by addressing sufficient
protection and controlling measures.

2. Methods
As shown in Figure 1 (a), after the excavation of roadways, rib will deform elastically and
plastically and accumulate certain amount of elastic energy under the compression load provided by
vertical compression stress. The study conducted by Bieniawski et al. 8 has found that the kinetic energy
released by coal burst is from stored elastic energy of coal before peak strength. Xie et al. gave the
calculation equation of elastic energy stored by coal under compression load 9:

𝑉

𝐸𝑒𝑙𝑎𝑠𝑡𝑖𝑐 = 2𝐸 𝜎 2

(1)

0

Where 𝐸0 is the unloading elasticity modules, 𝑉 is the volume of the sample and 𝜎 is the
compression stress.

Figure 1 a. Sketch of Energy Accumulation of Rib Burst

Figure 1 b. Sketch of Energy Accumulation of Coal Ejection Test
Figure 1. Energy Accumulation of Rib Burst and Coal Ejection Test

Hence, according to equation (1), the elastic energy stored in coal body before coal burst can
be calculated based on its stress condition and coal property. The conservation of elastic energy during
rib burst or coal ejection can be represented by the following equation 10:
𝐸𝑒𝑙𝑎𝑠𝑡𝑖𝑐 = 𝐸𝑓𝑟𝑎𝑔𝑚𝑒𝑛𝑡 + 𝐸𝑘𝑖𝑛𝑒𝑡𝑖𝑐 + 𝐸𝑔𝑒𝑜𝑝ℎ𝑦𝑠𝑖𝑐𝑎𝑙 + 𝐸𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙

(2)

Where 𝐸𝑓𝑟𝑎𝑔𝑚𝑒𝑛𝑡 is the energy dissipated by coal fragmentation, 𝐸𝑘𝑖𝑛𝑒𝑡𝑖𝑐 is the kinetic energy
carried by ejected coal, 𝐸𝑔𝑒𝑜𝑝ℎ𝑦𝑠𝑖𝑐𝑎𝑙 is the energy released in the forms of geophysical signals and
𝐸𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 is the remaining energy of coal body after failure.
Most of the elastic energy dissipates in the forms of work during the coal burst process, resulting
in the fragmentation and ejection of coal particles. The geophysical energy, which accounts limited
portion of the total elastic energy, is dissipated as acoustic or seismic energy

10

. The experiments

conducted by Zhao et al have shown that the strength of burst-prone coal will suddenly drop around
zero after peak strength 11, i.e. the residual energy of burst-prone coal is negligible. Therefore, the kinetic
energy can be calculated by the following equation based on equation (2) as geophysical energy and
residual energy only account for limited part of the total elastic energy:

𝐸𝑘𝑖𝑛𝑒𝑡𝑖𝑐 = 𝐸𝑒𝑙𝑎𝑠𝑡𝑖𝑐 − 𝐸𝑓𝑟𝑎𝑔𝑚𝑒𝑛𝑡

(3)

According to Rittingers’s theory 12, the fragment energy can be calculated:
1

1

𝐸𝑓𝑟𝑎𝑔𝑚𝑒𝑛𝑡 = 𝐾𝑅 × 𝑆 = 𝐾𝑅 × 𝑎 × 𝑉 × (𝑑 − 𝐷)

(4)

Where 𝐾𝑅 is crushing energy consumed by formation of per unit surface area, also called
Rittinger constant, which is only related to the coal properties, 𝑆 is the new surface area generated
during coal fragmentation, 𝑑 is the fragment size after failure, 𝐷 is the equivalent size of total fragments
before failure, 𝑉 is the volume of all fragments and 𝑎 is shape factor which is the constant related to
fragment shape.
Fractal model was appropriately adopted by some researchers to describe the particle size
distribution of cylindrical coal samples subject to uniaxial cyclic loading conditions 13:
𝐹(𝑑) = (𝑑

𝑑
𝑚𝑎𝑥

)(3−𝑛)

(5)

Where 𝐹(𝑑) is the cumulative mass fraction of the fragments smaller than size, 𝑑𝑚𝑎𝑥 is the
maximum size of coal particle, 𝑑 and 𝑛 is the fractal dimension of particle size distribution, which is
related to coal properties.
According to volume formula, the equivalent size of total fragments before failure is 14:
3

6𝑉

3

𝐷 = √𝜋 = √

6×𝑊×𝐹(𝑑)
𝜋𝜌

3

6𝑊

= √ 𝜋𝜌 × (𝑑

𝑑
𝑚𝑎𝑥

)3−𝑛

(6)

Where 𝑊 is the total weight of all coal particles and 𝜌 is the density of coal.
Plug equation (5) and (6) to equation (4), the fragment energy can be calculated based on
particle size distribution and Rittingers’s theory:
𝑑

𝐸𝑓𝑟𝑎𝑔𝑚𝑒𝑛𝑡 = ∫0 𝑚𝑎𝑥 𝐾𝑅 × 𝑎 ×
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(7)

The value of 𝐾𝑅 and 𝑎 for coal has been proposed in other literatures, which will be introduced
in the following of this paper. The value of 𝑊, 𝑑𝑚𝑎𝑥 and 𝑛 can be determined based on the analysis of
coal fragmentation after coal burst. The fragment energy can be calculated based on coal fragmentation
characteristic after burst.
Hence, the average ejection velocity (𝑣) can be estimated according the following equation:
2(𝐸𝑒𝑙𝑎𝑠𝑡𝑖𝑐 −𝐸𝑓𝑟𝑎𝑔𝑚𝑒𝑛𝑡 )

𝑣=√

𝑚

(8)

Where m is the weight of total ejected particles.

3. Experimental
As shown in Figure 1 (b), coal sample with high burst propensity will have similar failure
process with rib burst and the ejection velocity of coal particles can be calculated by the method
proposed above as well. As shown in Figure 2, laboratory test is designed to verify the feasibility of

this method for the estimation of ejection velocity. The experiment conducted in this paper is called
“coal ejection test”, modified based on uniaxial compression test. In the tests, a grey plastic platform
was placed under the bottom of coal samples to receive all the ejected particles and record the location
of particles, hence to calculate the measured value of ejection velocity based on projectile motion
equations. As shown in Figure 3, the platform is divided into several different areas and the measured
velocity is the weighted average of initial velocity of coal particles in these areas. All particles distribute
in the same area is weighted together as pulverized coal particles cannot be measured by balance
separately. After the test, the post-failure sample includes ejected particles and remaining part was
sieved to analysis the particle size distribution of coal brittle failure.

Figure 2. Coal Ejection Test with Application of Uniaxial Compression Loading System

A total of 4 samples taken from an Australian local coal mine were tested under uniaxial
compression load displacement control. All the coal samples were prepared by a 54 mm diameter coring
machine in laboratory. The drilling direction was oriented perpendicular to the joint direction. To
maintain the original physical state of the coal, all blocks taken from the site were fully wrapped with
aluminium and plastic membranes. Coal cores were processed into 108 mm height coal samples through
the process of cutting and polishing the both ends. All other conditions (parallelism, flatness and
verticality) of the coal samples should meet the requirements for application of uniaxial compression
strength method published by ISRM (International Society of Rock Mechanics) guidelines 15.
A 500-tonne digital hydro-powered Instron universal testing machine was adopted in the test.
The vertical displacement of the coal samples was continuously logged by a linear variable differential
transformer (LVDT) fixed on the upper loading platen of the machine and then recorded by the
controlling system. The loading rate is 0.5 mm/min displacement control. A spherical seat was placed
under the coal samples to provide a uniform axial stress distribution on the end of coal sample.

Figure 3. Indirect Measurement of Average Ejection Velocity

Figure 3. Indirect Measurement of Average Ejection Velocity

4. Results
The stress-strain curves of these four samples are shown in Figure 4. As shown in Table 1, the
peak strength of these four coal samples are 14.85, 21.06, 14.8, and 16.83 MPa, respectively. Referring
to the risk classification form for Australian coal seam proposed by Yang et al 15, the coal seam which
these four samples taken from is classified as high burst propensity coal as the average uniaxial
compression strength of coal samples is above 15 MPa 16. The stored elastic energy of coal samples can
be determined based on the relationship equation between uniaxial compression strength and young’s
modulus 17 and equation (1).

Figure 4. Stress versus Strain Curve of Coal Samples

In the experiment, the failure of coal under uniaxial compression load is brittle and rapid, leading to the
production of numerous fragments owing to the sudden release of elastic energy 18. The weight of total
ejected particles of every sample is recorded in Table 1. As shown in Figure 5, the size distribution of
coal fragments was determined by using a series of sieves with different mesh size. Based on equation
(5), the statistical relations of fragment size distribution of such coal can be determined based on the
experimental data. In the test done by Tu et al., the values of Rittinger constant (KR) and shape factor (𝑎)
for intact coal are 969.18 J/m2 and 1.5 respectively 10. Other parameters including density, dimension
of size distribution, unloading elasticity modules and total weight of coal fragment were determined by
this test. The average weight (𝑊) of coal sample is 338 grams. The density (𝜌) of coal samples is 1.37
g/cm2. The fractal dimension of size distribution (𝑛) is 1.09 for uniaxial compression test of coal 18.
Hence, the value of fragment energy of every coal sample can be calculated according to equation (7).
And the estimated ejection velocity can be calculated according to equation (8). The indirectly measured
ejection velocity of every sample is calculated according to Figure 3.

Figure 5. Different Size of Coal Fragments after Coal Ejection Test

As shown in Table 1, more than 90 percent of the stored elastic energy is consumed by
fragmentation of coal while kinetic energy only accounts for no more than 10 percent, which is
complementary with the test result conducted by Chen et al
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. The theoretically estimated ejection

velocity based on energy dissipation and particle size distribution of coal brittle failure is higher than
the measured ejection velocity based on the weight and location of ejected particles. At the same time,
it should be noted that some unavoidable factors including the rotation of irregular particles, the initial
ejection angle, the dragging effect of air and the randomness of ejection position can make the measured
velocity lower than true value 5. Hence, the estimated velocity can indicate the ejection feature of coal
samples as the estimated velocity has positive correlation with measures velocity and the difference
between these two values could be caused by the factors listed above.
Table 1. Estimated and Measured Average Ejection Velocity

Sample No

𝐸𝑒𝑙𝑎𝑠𝑡𝑖𝑐 (𝐽) 𝐸𝑓𝑟𝑎𝑔𝑚𝑒𝑛𝑡 (𝐽) 𝐸𝑘𝑖𝑛𝑒𝑡𝑖𝑐 (𝐽)

m (g)

𝐸𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 𝑣

𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑣

(𝑚/𝑠)

(𝑚/𝑠)

A-01

6.72

6.46

0.26

152.81

1.85

1.23

A-02

9.23

9.01

0.16

9.27

5.79

4.60

A-03

6.70

6.59

0.11

6.37

5.99

5.49

A-04

7.53

7.33

0.20

46.50

2.93

1.86

5. Case Study
It is not clear whether size effect will affect the accuracy of this estimation method as the scale
of rib burst is thousands of times of coal samples. A rib burst case occurred in Australian coal mine was
selected for case analysis in this paper. On 15 April 2014, a pressure burst occurred in the left hand
sidewall at an Australian underground coalmine with 480 to 560 m mining depth 20. According to the
investigation report of the burst accident, approximately 38 m3 (52.06 t coal with 1.37 g/cm2 density) of
coal was ejected from the sidewall of the roadway with 555 m depth 20. Considering the 2.5 t/m3 density
of rock strata
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and the 2.87 times stress concentration over the roadway induced by mining and

extraction work 22, the sidewall bear approximately 39.82 MPa vertical stress. Previous research has
indicated the low possibility of considerable dynamic energy involvement in this burst case 23. Hence,
the elastic energy stored in coal can be calculated with the same method used in laboratory study. And
the value of elastic energy (𝐸𝑒𝑙𝑎𝑠𝑡𝑖𝑐 ) is 25.39 MJ.
Table 2 shows the key parameters extracted from experimental result and burst site data for
ejection velocity estimation. Assuming the mechanical properties of coal in burst site is same with the
coal samples used in this test, the theoretical value of fragment energy can be calculated according to
equation (7). However, the maximum size of ejected block (𝑑𝑚𝑎𝑥 ) for this rib burst event is unknown
as this data has not been mentioned in the previous research. The picture of burst cavity in the page 21
of accident report
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(the picture cannot be copied due to copyright issue) has shown that the size of

ejected coal blocks is between 1/3 and 1 time of cable bolt length. It can be seen from Figure 6 that the
change of block size has limited influence on the final value of fragment energy. Rittingers’s theory is
based on the assumption that fragment energy is proportional to the newly generated surface of coal
particles during failure process. The best explanation of Figure 6 is that the new surface area of
pulverized coal particles and medium size coal blocks account for most part of the total newly generated
surface. According to Figure 6, the value of fragment energy (𝐸𝑓𝑟𝑎𝑔𝑚𝑒𝑛𝑡 ) of this rib burst accidents is
6.93 to 7.03 MJ. Fragment energy during rib burst only accounts for around 27% of the total elastic
energy storage while this number is more than 90% in the test results. The percentage of fragment
energy might be negatively correlated to burst scale as the volume of coal is negatively correlated to its
specific surface area, which need to be further studied in the future research.
Based on analysis above and Equation (8), the average initial speed of ejected coal particles
ranges from 26.55 to 26.62 m/s. The destructive potential of 38 m3 of coal moving at over 26.55 m/s
(95.58 km/h) has been introduced in literatures 7, which explains the fatalities associated with this burst
accident. Russell et al. analysed this accident as well and the moving velocity in their paper is 22 m/s
25

, which is identical with the estimated value in this paper. Same with test results, estimated value of

this paper is higher than the value in other references. But the gap is acceptable as this case analyse is
based on limited data extracted from literatures. The result also indicates that, even without dynamic
loads applied by a seismic event, the ejected velocity can easily reach up to 26 m/s or even larger.

Figure 6. Fragment Energy with Different Maximum Block Size
Table 2. Value of Main Parameters for Crushing Energy Estimation
Mining
Depth
(m)
555

Stress
Concentration
Factor
2.87

Vertical
Stress
(MPa)
39.82

Shape
Factor

Density
(g/cm2)

1.5

1.37

Volume of
Ejected
Coal (m3)
38

Weight of All
Fragments (t)

𝐾𝑅 (𝐽/𝑚2 )

52.06

969.18

6. Concluding Remarks
The burst in the ribs of underground roadways is an important coal burst type, which can result
in very high ejection velocity of coal blocks or particles. The ejection velocity is a vital parameter for
not only support and protection structure design bur also burst scale estimation in burst-prone coal
mines.
In this paper, we present a novel method to estimate the ejection velocity of coal based on the
energy dissipation and fragment size distribution of coal brittle failure. Based on energy dissipation
analyses, the equation (8) was obtained to calculate ejection velocity of coal. The fragmentation theory
and fractal size distribution are combined to get the theoretical calculation model of fragment energy.
The developed “coal ejection test” indicate the positive correlation between estimated velocity and
measured velocity, which means the estimated velocity can indicate the ejection feature of coal samples
in laboratory. Subsequently, the proposed method is applied to a rib burst case in underground roadway,
and the estimated ejection velocity is highly compatible with the observations of rib burst damage and
other research outcomes.
The method for assessing coal ejection velocity developed in this study can be used as a basis
for further research regarding the proper roadway support and protective structure design for use in
burst-prone coal mines.
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